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Description

Background of the Invention

While in its broadest aspects the present in-
vention provides a process for surface modifying a
variety of polymeric support surfaces, it is primarily
directed toward new and improved membranes in
which a support membrane is modified by irrevers-
ibly absorbing onto essentially all the surfaces of
the support membrane a suitable polymeric modi-
fying material.

Membrane modifying processes disclosed
heretofore involve depositing a layer of coating
material on the membrane by solvent evaporation.
In these processes, a solution of the modifying
material is applied to the membrane, excess sol-
vent removed from the membrane and the mem-
brane dried to remove the remaining solvent. In
some cases a surfactant is added fo aid in obtain-
ing a more uniform distribution of modifying ma-
terial. This results in a modifier on the membrane
whose thickness is determined by the amount of
solution retained by the membrane and the con-
centration of the modifier solution. The coating can
be stabilized by crosslinking the modifying material
during drying. Inherent limitations in these methods
are formulating the modifying material to obtain a
sufficiently thin, uniform distribution of polymer on
the membrane and often having the modifying ma-
terial concentrated at one surface of the mem-
brane.

Processes of the kind mentioned in the preced-
ing paragraph are for example described in DE-A-
2837845, EP-A-0190558 (not published at the prior-
ity date of this application) and FR-A-2361438.
Other processes for surface modifying support
polymers are described in, for example GB-A-
2035133, EP-A-0134307 and EP-A-0114286, but
these do not describe hydrophobic bonding to pro-
duce a monomolecular layer {as described later
herein in relation to the present invention).

Brief Description of the Drawings

Figure 1 represents the binding of cytochrome
C on the hydrocinnamoy! dextran modified polysul-
fone membrane of Example 4.

Figure 2 shows the structure of the modified
membrane of Example 14.

Figure 3 shows the "short" structure obtained
after dissolving the polysulfone support membrane.

Description of the Invention

In its broadest aspects, the present invention
provides a process for surface modifying a variety
of polymeric support surfaces by irreversibly ad-
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sorbing thereon a suitable modifying polymer
which possesses the desired chemical characteris-
tics. For example, a fabric made of a polymeric
material such as nylon can be surface modified to
increase its ability to wet and thereby render
clothes made of such a modified fabric more com-
fortable. Employing the present process, one can
surface modify and render substantially hydrophilic
various laboratory and medical devices which often
are made of hydrophobic polymeric materials
which are undesirably reactive with proteinaceous
material. The surface modifications can be further
stabilized by crosslinking.

For clarity and brevity in the delineation of the
invention, the following description will be primarily
directed toward surface modified semipermeable
membranes wherein a hydrophobic support mem-
brane is modified by irreversibly adsorbing onto all
of the surfaces of the membrane available to it a
suitable polymeric material which possesses sub-
stantially hydrophilic and/or other desired chemical
characteristics. The resulting ultra- or micro-filtra-
tion membranes have the mechanical strength of
the hydrophobic support membrane and the sur-
face characteristics of the surface modifying hydro-
philic polymer. It should be understood that the
parameters described below can be employed to
surface modify non-membrane polymeric surfaces.

Those skilled in the art recognize the need for
surface modified membranes. Indeed, a hydrophilic
modifying polymer may have the required chemical
characteristics for a particular filtration application
but not have the requisite characteristics for fab-
rication info a useful membrane. For example, dex-
trans are hydrophilic and exhibit low protein bind-
ing but have not been fabricated into strong mem-
branes. Conversely, a polymer may be a good
material for constructing membranes but have
some undesirable surface interactions in certain
filtration applications. For example, polysuifone
membranes are autoclavable and strong but are
hydrophobic and tend to bind proteins to their
surface. Thus, in one aspect the present invention
is directed toward surface modification of mem-
branes to create a hydrophilic and non-protein
binding surface on a strong hydrophobic mem-
brane; infroduce reactive groups into a relatively
unreactive membrane; and produce ion exchange,
reversed phase, or affinity type supports in mem-
brane form. Whereas prior methods for coating
membrane surfaces depended upon the orientation
of the support membrane, the present process
results in an essentially complete surface modifica-
tion where all surfaces accessible to the ambient
solution are coated with a substantially mon-
omolecular layer of modifying polymer.

Support membranes can be made of essen-
tially any hydrophobic polymeric material capable
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of being fabricated into a relatively strong mem-
brane. Particularly, appropriate support membrane
for surface modification by irreversible adsorption
can be made from a number of hydrophobic poly-
mers, such as polysuifone, polyethersulfone, poly-
(2,6-dimethyl, 4-phenylene oxide) and derivatives
thereof, polyamides, polyimides, polyetherimide,
polypropylene, polyethylene, polyvinylidene flu-
oride, and the like. It should be understood that
suitable support polymers may include mixtures
and blends of the above polymers as well as other
hydrophobic polymers. Particularly preferred poly-
mers for support membranes are polysulfone,
polyethersulfone and polypropylene. These mem-
branes should be porous enough on at least one
surface such that the modifying polymer can dif-
fuse through the surface pores to treat the interior
of the membrane. Support membranes can be
macro-void containing or macro-void free. By
"macro-void free" is meant that the membrane is
lacking of voids greater than about 20 times the
pore size of the immediately contiguous portion of
the membrane. Many methods for making porous
membranes from hydrophobic polymers are known
to those skilled in the art of membrane manufac-
ture. These methods include phase inversion using
nonsolvents or temperature and the stretching of
microcrystalline films. Phase inversion using non-
solvents involves dissolving the polymer in a sol-
vent, forming a membrane sheet or tube by ex-
trusion through a die, and contacting the extruded
polymer solution with a liquid which is a nonsolvent
for the polymer but is miscible with the solvent.
The polymer solution gels and, when the solvent is
exiracted, a porous structure remains. In the case
of some polymers which are not soluble in a wide
variety of solvents (e. g. polypropylene), a pore-
forming material can be identified which forms a
single phase solution when mixed with the polymer
in the melt, but which is immiscible with the poly-
mer at lower temperatures. A melt containing a
mixture of the polymer and the pore-forming agent,
is then extruded through a die at a temperature
above the phase inversion temperature, the ex-
trudate is cooled to a temperature below the phase
inversion temperature, and the solution gels. The
pore-forming agent is then removed by evaporation
or washing. Yet another method for forming porous
membranes, when the polymer is capabie of for-
ming microcrystals, involves extrusion of the poly-
mer melt under conditions which induce the micro-
crystalline regions to form, then drawing the cry-
stallized film to produce pores between the cry-
stalline regions. These techniques are discussed in
more detail in "Synthetic Polymeric Membranes: A
Structural Perspective", Second Edition, by Robert
E. Kesting, published by Wiley-Interscience (New
York, 1985).
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The polymeric modifying material is selected
such that it possesses the desired chemical char-
acteristics and will irreversibly adsorb onto the sup-
port membrane. By ‘"irreversible adsorption™ is
meant the phenomenon observed when certain
high molecular weight polymers in solution are
exposed to a surface and the polymer binds o the
surface. Following initial washing of excess modify-
ing polymer, the remaining adsorbed polymer is
substantially resistant to removal under conditions
similar to the adsorption conditions. Factors to be
considered in selecting or synthesizing modifying
polymers for irreversible adsorption are: 1) A rela-
tively large number of binding sites between the
surface and an individual polymer molecule are
required. 2) A larger molecular weight polymer will
have a larger number of binding sites and, hence,
will display more irreversible binding character than
a smaller molecular weight polymer. 3) Binding
may not be irreversible under conditions that are
significantly different from the conditions used dur-
ing the initial irreversible binding step and it may
be possible to remove the polymer by finding a
displacing agent. 4) Lower molecular weight poly-
mers will be displaced by larger molecular weight
polymers if the substrate allows penetration of both
species.

Suitable modifying polymers are non-prot-
einaceous and have a molecular weight greater
than 10,000, such that irreversible adsorption can
be achieved. From a practical point of view it has
been found that polymers which show no detect-
able signs of desorption after 2-4 days of washing
are suitable for surface modification as described
herein. In cases where the modifying surface is not
stabilized by crosslinking the molecular weight of
the modifying polymer should be larger than the
molecular weight of the materials to which the
modified surface will be exposed so that displace-
ment will not occur (other factors being equal). The
modifying polymer should consist primarily of the
molecular groups one wishes to place on the sup-
port surface to promote, for example, hydrophilicity
but must also contain a sufficient number of groups
capable of interacting with the support surface to
allow for irreversible adsorption. Binding groups
should be selected from molecules which are
known to interact with the membrane. In some
cases the desired surface groups and binding
groups may be the same. For example, it has been
found that molecules containing large numbers of
hydroxyl groups do not satisfactorily adsorb onto
polysulfone from water. The hydroxyl group is not
a good binding group for polysulfone because wa-
ter does not wet polysulfone well. Hydroxyethyl,
hydroxypropyl or benzoyl moieties are good bind-
ing groups because small molecules containing
these moieties wet, and in some cases plasticize or
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dissolve polysuifone. In the case of poly-
tetrafluoroethylene membranes, a fluorocarbon-type
pendant group on a dextran polymer should be a
suitable hydrophilic surface modifier. It will become
evident to those skilled in the art that the hy-
drophobic binding between the binding group and
the hydrophobic support polymer employed in this
invention affords numerous advantages over the
previously disclosed methods. lonic and hydrogen
binding interactions taught in the art are more
sensitive to variations in pH and ionic strengh that
frequently occur in biological separation processes.

The number of binding groups required de-
pends on their strength of binding to the support
membrane. If a polymer contains N binding groups
with individual binding constants of K, the binding
constant for the polymer will be KV If KN is greater
than 10,000 the process is generally considered
irreversible, although some combinations of sup-
port and modifying materials may exhibit irrevers-
ible adsorption with binding constanis below
10,000. However, if is usually desirable and possi-
ble to obtain binding constants much greater than
10,000.

To determine if a particular degree of substitu-
tion of a predetermined binding group is sufficient
to result in irreversible adsorption onto the hy-
drophobic support membrane, one must estimate
the binding energy for the binding group. Exem-
plary binding energies are provided in the texi
entitted "The Hydrophobic Effect” by C. Tanford,
John Wiley (1980).

Alternately, binding energies can be estimated
experimentally for a candidate binding group by
conducting a "Langmuir binding experiment”. In
this method a binding group analog is selected
which possesses substantially the same chemical
characteristics as the candidate binding group. For
example, unionized benzoic acid would be consid-
ered a good approximation to a benzoyl group on a
dextran polymer. However, it is doubtful that this
would be true for the same group under ionizing
conditions {(e. g. high pH). The binding energy is
then determined by measuring the amount of the
binding group bound to the support membrane as
a function of concentration. Other parameters such
as temperatures, pH or the addition of a third
component to the system can also be studied. This
data will determine the binding strength of the
particular binding group and can be used to deter-
mine the particular composition of a suitable modi-
fying polymer as described above.

For example, if one selects a 40,000 M.W.
dextran polymer containing 224 glucose residues
per molecule and attaches a hydrocinnamoyl group
every tenth glucose residue, the modifier polymer
would contain a total of 22 hydrocinnamoyl! groups.
The binding energy of a single hydrocinnamoyl

10

15

20

25

30

35

40

45

50

55

group for a hydrophobic surface can be approxi-
mated from that value reported (-2.5 kcal, "The
Hydrophobic Effect"” by C. Tanford, supra) for the
R-group of the amino acid phenylalanine. The bind-
ing constant at 25° C for each hydrocinnamoyl
group = exp (4.16) = 64.5. Hence the binding
constant for each polymer molecule is 64.5%2=104°,
which is much greater than the threshold binding
constant of 10,000 described above. The large
binding constant indicates that the polymer should
be a suitable modifying polymer if the binding
groups can partition into the hydrophobic support
material. By "partitioning” is meant movement of
the binding group from the bulk phase onto or into
the support membrane. Partitioning of the binding
groups, in some cases, can be enhanced by in-
creasing polymer chain mobility of the support
material, for example, by increased temperature.
Adsorption onto a crystalline support polymer such
as polypropylene may have to rely on surface
features and amorphous areas alone, unless the
binding group can insert into the crystalline struc-
ture at a temperature below the melting point of the
support polymer.

Candidate binding groups include those groups
which as small molecules will plasticize the support
membrane polymer. Plasticizers are agents which
lower the glass transition temperatures of polymers
(Tg). Determination of Ty is set out in a paper by
Takayuki Murayama in Polymer Engineering and
Science, August 1982, Volume 22, Number 12,
pages 788-791. Briefly, the glass transition tem-
perature is determined by substantial and/or abrupt
changes in the coefficients of thermal expansion for
the amorphous polymer. The temperature at which
this change takes place is the Ty of the polymer.

Ancther factor to be considered when adsorb-
ing a molecule onto the exposed surfaces of a
membrane is the size of the modifying polymer in
relation to the pore size of the membrane. Obvi-
ously, exposing a 100,000 molecular weight cutoff
membrane to a 100,000 molecular weight modify-
ing polymer could result in substantially complete
blockage of the membrane. Another factor to con-
sider is that a random coil molecule like a modified
dexiran is likely to "flatten out" when it adsorbs
onto a surface and, hence, have smaller dimen-
sions on the surface than in solution. Thus, an
approximate estimate of the largest molecular
weight polymer suitable for use with a given pore
size membrane is needed. Empirically, we have
found that a random coil molecule with a
hydrodynamic radius which is less than or equal o
about one-fifth (1/5) the pore size of the membrane
can be used in the modification process without
drastically reducing the permeability of the mem-
brane for pure water (i.e. <30%). Larger molecules
can be used in the modification procedure; how-
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aver, small amounts of bound polymer can greatly
reduce the permeability of the membrane (i.e. 40%
reduction or greater compared o the unmodified
membrane). This situation may be desirable in a
few specialty applications where a relatively thick
modifying surface is required or in instances where
non-specific protein adsorption on the unmodified
hydrophobic support membrane would reduce the
permeability more drastically than the modifier.
These observations along with electron microscop-
ic examination of the membranes modified with
different molecular weight polymers suggests that
the thickness of the modifying layer is substantially
on the same order of magnitude as the dimensions
of the modifying polymer (e.g. 10-100 nanometers
for 40,000 to 4,000,000 molecular weight dextrans).

It has been found that the modification treaf-
ment is uniform throughout the wall of the mem-
brane and that the modifying polymer is deposited
in a substantially monomolecular layer throughout
essentially the entire available surface area as op-
posed to coated membranes which have been re-
ported to only treat the outer surface of the mem-
brane. (Ind. Eng. Chem. Prod. Res. Dev., 19, 573-
580 (1980). This can be most easily demonstrated
by dissolving the support membrane with a suitable
solvent following crosslinking, as described
hereinafter, to leave behind the modifying material
in the form of a "snake skin" or "ghost". Micro-
scopic examination of the ghost structure shows
that it is a replica of the original membrane and
includes the internal as well as surface details of
the support membrane. 7

Although most soluble polymers display some
sort of "nonspecific binding” when placed in con-
tact with a surface such binding may not always be
sufficient to allow crosslinking. Sufficient binding to
allow crosslinking can usually be obtained by fol-
lowing the general rules observed in hydrophobic,
ion exchange, reversed phase, covalent chromatog-
raphy and affinity chromatography. For exampie, a
hydrophobic polymer will bind more strongly to a
hydrophobic membrane than a hydrophilic poly-
mer; hydrophobic groups on a hydrophilic polymer
will promote interaction with a hydrophobic surface,
as in the case of blue dextran (1:57 ratio of hy-
drophobic: hydrophilic) or hydrocinnamoy! dexfran
(1:10 ratio) and polysulfone membranes. A "leash"
or "spacer arm" may also be necessary to allow
better interaction between the binding group on the
modifying polymer and the membrane, as is known
from affinity chromatography.

Reactive groups incorporated onto the mem-
brane can be used in further surface modification
reactions. Membranes modified with hydroxyl con-
taining polymers can be converted into ion ex-
change membranes by using standard chemistries
developed for cellulose resins. For example,
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chloroacetic acid can be added to the modified
membrane under basic conditions to obtain a ca-
tion exchange membrane. Amine groups can be
incorporated into the modifier via the same chem-
istry used for crosslinking the modifying layer e.g.,
one amino group of propane diamine will react with
ethylene glycol diglycidyl sether (EDGE) leaving a
free primary amine attached to the modifier for
subsequent use. Finally, some of the chemisiry
developed for immobilizing bioactive materials (e.g.
proteins, affinity ligands, enzymes) to dexiran,
agarose and other gel type supports are also ap-
plicable to the appropriately surface modified
membranes. A major consideration is that the
reagents and reaction conditions consistent with
the surface modifier must not harm the morphol-
ogy, or negatively affect the key permeation prop-
erties of the support membrane. Examples of ap-
propriate chemistries for further modification of
blue dextran (2-3 million molecular weight dexiran
having about 1 cibacron blue dye molecule for
every 57 dexiran repeat units) coated polysuifone
and/or polypropylene membranes are cyanogen
bromide, bisoxirane, periodate oxidation, car-
bodiimide, hydroxysuccinimide and chloroformate
chemistries(polypropylene only). Alternately, one
may derivatize the surface modifying polymer to
include the desired reactive group prior to coating
the support membrane so long as the presence of
the reactive group does not interfer with the parti-
tioning of the binding groups of the moditying
polymer into or onto the support membrane.

Once a modifying polymer has been selected
for a given support membrane, the conditions used
when exposing the support membrane to the modi-
fying polymer are important to obtain the most
advantageous results from the present process. An
important parameter is the concentration of modify-
ing polymer in the solution to be contacted with
support membrane. Increasing the concentration of
polymer in the modifying solution increases the
amount of polymer deposited onto the membrane
until some practical plateau value is attained, usu-
ally around 10% w/v for 40,000 molecular weight
modified dextrans and 5% for 3,000,000 molecular
weight modified dextrans. In this way the amount of
modifying polymer applied to the membrane can
be controlled. Smaller amounts of applied polymer
result in smaller changes in the membranes phys-
ical properties. In particular, we find the reduction
in pure water permeability of a membrane is lin-
early related to the amount of material bound at the
initial portion of the binding curve. Those skilled in
the art will recognize, however, that all physical
parameters of the resulting membrane are not af-
fected to equal degrees and the desired amount of
modifying polymer to be adsorbed onto the surface
will depend on the ultimate use of the membrane.
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For example, we have found that much less of the
modifying polymer hyroxypropy! cellulose is re-
quired to prevent protein binding to polysulfone
than is required to produce a rapidly rewetting
membrane.

The present invention provides a process
wherein the support membrane does not have to
be dried in the presence of the surface modifying
polymer. Moreover, uniform deposition of the modi-
fying polymer is enhanced by use of irreversible
adsorption phenomenon. By "uniform™ is meant
that the modifying polymer is disposed in a sub-
stantially monomolecular layer on essentially the
entire surface area of the support membrane ac-
cessible to the modifying polymer. Uniformity may
be determined by microscopic and/or chemical
methods. Hydrophobic membranes are obtained in
the fully hydrated form that often resulis from the
spinning process (the membranes can be soaked
in glycerol, dried and adequately rehydrated). The
hydrophobic membrane is then soaked in an aque-
ous solution of the modifying polymer, preferably
about 0.1-10% w/v. The particular concentration will
depend on the modifying polymer used and the
membrane porosity. The adsorption time should be
sufficient to permit equilibrium to be reached. Hy-
drophilic membranes can be placed directly into
the modifier solution or rehydrated prior to coating.

In some cases heating may be advantageously
utilized to achieve binding of the modifying poly-
mer to the support membrane. In such cases heat-
ing the membrane and modifying polymer solution
to a temperature between about 40° C and 100° C
will enhance such binding. Heating to within a
temperature range between about 60° C and 80° C
is preferred. Alternately, binding of the modifying
polymer may be enhanced by de-gassing the sub-
strate material. De-gassing of the substrate mem-
brane can be easily accomplished by subjecting
the membrane to a vacuum, which is sufficient to
promote escape of trapped gas. |t is believed that
in most cases a vacuum of about 26-28 inches Hg
for about 2 to 4 hrs at room temperature should be
sufficient to de-gas the subsirate membrane. If
lower vacuum (i.e. less than 26 inches Hg) is used,
fonger times may be necessary. Increasing tem-
perature may speed up the de-gassing process to
the extent that such temperatures do not damage
the membranes.

The resulting modified membranes are then
washed with excess solvent (i.e. the modifying so-
lution minus the modifying polymer) for preferably
about 5-24 hours to remove excess, noninteractive
polymer. The resuiting product is a membrane
comprising the support polymer all of whose sur-
faces are modified by adsorption of a very thin
layer of the modifying polymer which is believed {o
be uniform even at the molecular level. If for some
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reason a sufficient amount of polymer is not ab-
sorbed, the membrane can be treated again with a
higher concentration of modifying polymer. Con-
versely, if too much modifying polymer is absorbed
it can be removed with a displacing agent (see
Example 14) and the membrane re-treated.

The adsorption isotherm of the polymer and
the membrane may indicate whether mono- or
multi-layer binding is prevalent and can also be
used to determine the density of modifying poly-
mer molecules on the surface of the membrane.
This analysis can also be used to determine the
effect of various physical parameters (i.e. modify-
ing polymer concentration, ionic strength, pH, di-
electric constant, efc.) which might be used to vary
the surface density of the adsorbed modifying
polymer. Support membranes maodified in this fash-
ion can take on specific surface characteristics of
the modifying polymer, e.g.; hydrophobic polysul-
fone membranes modified with blue dexiran be-
come hydrophilic, as indicated by the fact that they
rewet and pass a specific well defined "bubble
point test" as described by Brock in "Membrane
Filtration: User's Guide and Reference Manual”,
Science Tech., Inc. (1983). Hydrophobic poly-
propylene support membranes modified with poly-
vinylalcohol become hydrophiiic and show a re-
duced binding for a protein that otherwise binds
strongly to the unmodified polypropylene mem-
brane; polypropylene membranes modified with
biue dextran contain surface hydroxyl groups which
can be used in crosslinking and other chemical
reactions. The unmodified polypropylene does not
show such characteristics.

The membranes maodified in this fashion are
stable for several months; however, the modifying
polymer can be removed by a suitable choice of
conditions, (e.g. boiling the blue dextran modified
polysulfone membrane in 0.5% sodium dodecyl
sulfate detergent removes the modifying polymer.)
For many embodiments of the present invention, it
is preferred that the modifying polymers be cros-
slinked to stabilize the modified surface. While in
most cases chemical crosslinking agents are pre-
ferred those skilled in the art recognize that cros-
slinking can be accomplished by other means such
as irradiation and heating depending on the chemi-
cal composition of the modifying polymer. Suitable
crosslinking conditions for water soluble, hydroxyl
containing modifying polymers are epichlorohydrin
or ethylene glycol diglycidyl ether (EGDE) at con-
centrations of 1-3% v/v and 1-10% in 1N NaOH.
The EGDE has an advantage over other crosslin-
king agents in that relatively high concentration
solutions (at least 10% v/v) can be obtained to
promote crosslinking without damage to the hy-
drophobic polymer membrane from undissolved
crosslinking agent. After crosslinking, the surface
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modifier is stable to the conditions that are able 1o
remove the uncrosslinked modifier unless the con-
ditions promote chemical degradation of the modi-
fying polymer or the crosslinking reaction. To ob-
tain stable crosslinking the adsorbing polymer must
be present in a sufficiently high density to allow
contact between the adjacent polymer molecules
on the surface.

In cases where the modified membrane will be
exposed to sitrong displacing agents, the mem-
brane should be washed with these agents after
crosslinking to remove any uncrosslinked polymer.
This is most likely to be encountered in affinity
membrane applications.

The extent of crosslinking can be determined
by exposing the membrane to conditions which
would remove the uncrosslinked surface modifying
polymer (e. g. warm detergent) or by dissolving the
membrane in a good solvent for the support ma-
terial. The crosslinked modifying polymer should
be stable to these conditions, otherwise the cros-
slinking procedure is continued until the desired
product is achieved. For example, when a polysul-
fone membrane, modified with crosslinked hydrox-
ypropyl cellulose, is dissolved in chloroform, a
chloroform insoluble "snake-skin" or "ghost" struc-
ture is formed which represents the modified sur-
face. Microscopic examination of the structure in
fact shows that the "ghost" is a replica of the
original membrane's entire surface structure, in-
cluding all internal surfaces which were accessible
to the modifying polymer solution, see Example 14.

The membranes resulting from the surface
modification procedures will have a wide range of
applications. Membranes can be modified with a
hydrophilic, non-ionic surface such that they dis-
play low levels of protein adsorption. One applica-
tion where such a membrane would be useful is in
the development of a hollow fiber based mamma-
lian cell culture reactor. In this case protein adsorp-
tion results in a reduction of membrane perfor-
mance and can also represent a loss of protein
product produced by the mammalian cells. Another
application for membranes modified with a hydro-
philic polymer is to produce a hydrophilic mem-
brane. Many hydrophobic membranes that are sold
for use in aqueous systems are impregnated with a
polymeric wetting agent which has to be washed
out before use. After the wetting agent is washed
out the membrane cannot be dried and success-
fully rewetted. In this regard the irreversibly bound
modifying polymer behaves like a "permanent wet-
ting agent™ as it does not come off the membrane
by washing and, hence, the membrane can be
dried and rewetted several times. Low protein bind-
ing membranes have many applications in the bio-
logical area where protein solutions must be fil-
tered. In the past, one solution to the protein bind-
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ing problem has been to use blocking agents (e.g.
albumin protein or low molecular weight polyethyl-
ene glycol). A problem with this method is that the
blocking agents are not stable and add contaminat-
ing materials to the filirate (see Millipore Technical
Brief #TB004). In this regard, the irreversibly bound
polymer behaves like a "permanent blocking
agent" as it is designed or chosen so that it does
not come off the membrane and contaminate the
filtrate. lon exchange membranes can also be
made by surface modification as described herein,
to selectively remove certain ionic materials from
solution while allowing oppositely charged materi-
als fo pass through. Such membranes would be
useful in cases where the adsorptive mode of par-
ticle capture is required in the filiration process.

Affinity membranes which can be made by
surface modification, as described herein, can be
used to perform batch fype separations with high
selectivity and rapid regeneration times. We have
made affinity membranes which show selectivities
and regeneration times comparable to HPLC type
resin systems.

The following examples are included to better
elucidate the practice of the present invention. It
should be understood that these examples are in-
cluded for illustrative purposes only and are nof, in
any way, intended to limit the scope of the present
invention.

The general procedure employed in the follow-
ing examples to produce surface modified mem-
branes is to soak the membrane in a 0.1-10% w/iv
solution of the modifying polymer for 5-24 hours. A
shorter time may be employed if the modifying
polymer solution is filtered through the support
membrane. The amount of polymer adsorbed onto
the membrane is controlled by the concentration of
the modifying polymer solution. The membranes
are then washed with the same solvent used to
make modifying polymer solution. Washing contin-
ues until no polymer can be detected in the wash-
ing solution above the membrane even when the
washing solution is in contact with the membrane
for several days. At this point the membrane is
ready for use or further stabilization by a crosslin-
king reaction. Conditions for the crosslinking reac-
tion should be similar to the initial adsorption con-
ditions such that they do not cause significant
displacement of the modifying polymer during the
reaction.

Crosslinking was assayed by exposing the
membrane to conditions which would remove the
uncrosslinked surface modifying polymer (e.g.
warm detergent) or by dissolving the membrane in
a good solvent for the support polymer.

To determine the degree of nonspecific protein
binding displayed by a given membrane the hollow
fiber membrane was cut into five 1 cm long pieces
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and these were added to 2-4 mi of protein solution.
The protein most frequently used in these studies
is cytochrome C. This protein has a relatively high
affinity for hydrophobic membranes and, due to its
red color, binding can be ascertained by visual
inspection. The membranes were always fully hy-
drated before exposure fo the protein solution. The
protein concentrations were chosen to span the
range of protein bindings from zero to fully satu-
rated. The amount of protein bound to the mem-
brane was determined from the difference between
the initial concentration of the protein solution be-
fore the membranes were added and the final
concentration of the protein solution after equilib-
rium was attained, about 16 hours at room tem-
perature. Protein concentrations were determined
spectrophotometrically. When necessary the dilu-
tion of the protein solution by solution trapped in
the hollow fiber membrane was taken into account.
A typical binding curve is shown in Figure 1. In
other cases, the reduction in protein binding was
estimated by visually observing the relative colors
of membranes stained with saturating levels of
cytochrome C (i.e. 1-2 mg/ml) and comparing
these to the color developed by membranes char-
acterized by the binding experiment described
above.

In certain cases the amount of protein bound to
membranes was measured by using the enzyme
alkaline phosphatase. In this method the amount of
protein bound to the membrane is determined by
filtering a solution of the colorimetric substrate p-
nitrophenyl phosphate through the membrane. The
amount of protein bound to the membrane can be
related to the color developed in the filirate.

Membranes were tested for hydrophilic char-
acter by first performing a bubble point test to
ensure the membrane is free from defects and
does not allow gas to pass through the membrane
below the bubble point pressure. The membrane is
then dried by heating at 80° C or by exposing the
membrane o a stream of dry nitrogen gas at room
temperature for several hours. The dry membrane,
in contrast to the wet membrane, allows gas to
pass through the membrane freely at pressures
which are orders of magnitude lower than the bub-
ble point pressures. This behavior persists after a
dry hydrophobic membrane is exposed to water.
However, when a dry hydrophilic membrane is
exposed to water it regains the characteristics ob-
served before drying. A similar test is also per-
formed with distilled water. In this case water
passed freely through a hydrophilic membrane but
does not pass through a hydrophobic membrane
until the water intrusion pressure is reached.

EXAMPLE 1
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A commercial "macro-void containing” polysul-
fone membrane with a 0.1 um pore size rating was
soaked in a 1.0% w/v solution of hydroxypropyl
cellulose in deionized water for 16 hours. The
membranes were then washed with deionized wa-
ter for 16 hours with agitation. The surface modi-
fied membranes were hydrophilic and bound 10
times less protein cytochrome C than unitreated
membranes. No displacement of hydroxypropyl
cellulose by cytochrome C was observed during a
6 month test period. The presence of the modifier
polymer on the support membranes can also be
detected by using the thin-layer chromatography
reagent called "Bial's reagent”. The membrane
was soaked in this reagent for 30 seconds and then
placed in a 70-80° C oven for 15-30 minutes. The
untreated membranes gave an ash gray color, the
treated membranes give a blue color and the inten-
sity was proportional to the amount of modifying
polymer bound. Similar resuits were observed with
100,000 and 300,000 molecular weight hydrox-
ypropyl cellulose polymers.

EXAMPLE 2

The procedure in Example 1 was followed with
polysulfone as the support membrane and "biue
dextran" as the modifying polymer. (Blue dextran
is a generic name for 2-3 million molecular weight
dextran which has about 1 cibacron blue dye mol-
ecule for every 57 dexiran repeat units). The sur-
face modified membranes were hydrophilic and
were stable indefinitely as determined by visual
inspection, i.e., the membranes turn blue, the inten-
sity of color remains constant, and no blue dextran
was observed in the water solution in contact with
the membrane. The water permeability of the modi-
fied membrane was about 34% lower than the
unmodified membrane. However, the modified
membrane regained 70% of its initial water flux
after drying at 80°C for 24 hours. Unmodified
membranes do not regain any measurable flux
after drying.

EXAMPLE 3

The procedure in Example 1 was foillowed with
polysulfone as the support membrane and benzoyl
dextran as the modifying polymer, with the excep-
tion that the procedure is carried out at 80°C. The
benzoyl dextran had a molecular weight of 70,000
and contained approximately 1 benzoyl group for
every 10 repeat units of the dexiran polymer. This
polymer was made by the reaction of benzoyl
chloride with 10% w/v dextran in 1N NaOH at room
temperature. The surface modified membrane was
hydrophilic as defined above and the presence of
dextran on the membrane was indicated by Bial's
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reagent and were stable for days. The membranes
freated with unmodified dexirans (room temp. or
80" C) or the benzoyl dextrans at room tempera-
ture completely lose the dexirans after 6 hours of
washing with deionized water as determined by
rewetting and Bial's reagent tests.

EXAMPLE 4

The procedure of Example 3 was followed ex-
cept that hydrocinnamoyl chloride was used to
place hydrocinnamoy! binding groups on the dex-
tran polymer. In this case irreversible binding pro-
ceeds quickly at room temperature. The surface
modified membranes were hydrophilic and the
presence of dextran on the membrane was in-
dicated and determined to be stable by Bial's
reagent. Similar results were obtained with 40,000
and 500,000 molecular weight dextrans. No mea-
surable decline in water flux was observed with the
40,000 molecular weight polymer while a 10% re-
duction in water flux was observed with the
500,000 molecular weight polymer. Protein adsorp-
tion was decreased fo at least one-tenth that of the
unmodified membrane as indicated by adsorption
of Cytochrome C. See Figure 1 for 500,000 m.w.
hydrocinnamoy! dextran modification.

EXAMPLE 5

The procedure of Example 2 was followed with
a 0.2 um nylon 6,6 membrane. The surface modi-
fied membrane was determined to be stable by
visual inspection of blue color on membrane and
lack of blue color in solution above membrane after
24 hours at 80° C and then 11 months at room
temperature. An untreated nylon 6,6 membrane
(0.2 um) added to the same solution as the treated
membrane showed no indication of blue color, in-
dicating that the blue dexiran does not migrate
from one membrane to another membrane which
has equal affinity for the modifying polymer.

EXAMPLE 6

The procedure described in Example 5 was
followed with spun bonded nylon fabric (i.e. Mon-
santo's Cerex material) as the support material.
The system was determined to be stable by visual
inspection of the blue color of the fabric in continu-
ous contact with water. The fireated fabric was
determined to be more hydrophilic than untreated
fabric by a water bead test wherein a bead of
deionized water placed on the unireated material
requires several minutes before it is absorbed into
the fabric, a drop of water placed on the ireated
fabric is absorbed immediately.
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EXAMPLE 7

The procedure described in Example 2 was
followed with 0.2 um polypropylene membranes as
the support material. The modified membranes
while not hydrophilic by the previously described
tests were stable indefinitely. The hydroxyl groups
of the surface modifying polymer can be further
derivatized to produce various ion exchange or
affinity membranes.

EXAMPLE 8

The procedure described in Example 2 was
followed with 10 wm pore size polyethylene as the
support material. The treated material was deter-
mined to be stable by visual inspection of the blue
color.

EXAMPLE 9

The procedure of Example 2 was followed with
polyether sulfone as the support polymer. The
modified material was stable in water as deter-
mined by visual inspection of the blue color.

EXAMPLE 10

The procedure of Example 9 was followed with
polyetherimide as the support material. The modi-
fied material was stable in water as determined by
visual inspection of the blue color.

EXAMPLE 11

The procedure of Example 1 was followed with
partially hydrolyzed polyvinyl alcohol (MW=
125,000, 88 wi% polyvinyl alcohol and 12 wt%
polyvinyl acetate) as the modifying polymer. The
resulting membranes are hydrophilic and show
about ten times less Cytochrome C binding by
visual comparison with hydroxypropy! cellulose
modified membranes both in about 1 mg/ml
cytochrome C solution. The stable presence of
polyvinyl alcohol is also indicated by the lodine
reagent (i.e. polyvinyl alcohol plus the amber col-
ored reagent of 3mM iodine+9mM potassium
iodide +0.2M boric acid turns blue). It has been
found that 98-99% hydrolyzed polyvinyl alcohol
(98-99% of the acetate groups hydrolyzed) 115,000
molecular weight does not show stable adsorption
to polysulfone and does not reduce protein adsorp-
tion.

EXAMPLE 12

The procedure of Example 1 was followed with
hydroxyethyl cellulose as the modifying polymer.
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The modified membrane is hydrophilic and the
hydroxyethy! cellulose is irreversible bound as in-
dicated by extensive washing and testing with
Bial's reagent but no significant reduction in
cytochrome C protein binding is observed.

EXAMPLE 13

The procedure of Example 1 was followed with
0.2 um polypropylene membranes and 98-99%
hydrolyzed polyvinyl aicohols (98-99% of the ace-
tate groups hydrolyzed) of molecular weights of
14,000 and 115,000. The resulting membranes are
hydrophilic and stable as judged by washing and
testing with the lodine reagent (see Example 11)
and the rewetting tests described above. The re-
sulting membranes show a significant reduction in
cytochrome C protein binding, as determined by
visual inspection. The membrane modified with
115,000 mw polyvinyl alcohol exhibited a twenty-
four fold reduction in alkaline phosphatase binding
as judged by enzymatic assay. The resulting mem-
branes are also more fouling resistant than un-
treated membranes when used in feed streams that
contain materials that can bind to the membranes.

EXAMPLE 14

The procedure of Example 1 was followed with
1% blue dextran in place of hydroxypropyl cel-
lulose and 1N NaOH solution in place of deionized
water. The resulting adsorbed blue dextran is cros-
slinked by placing the membrane in a-5% (v/v)
solution of ethylene glycol diglycidyl ether in 1N
NaOH for 16 hours. The membranes are then
washed with deionized water. If residual epoxide
groups must be removed a further incubation with
NaOH is required. The resultant membrane is hy-
drophilic and is stable, as judged by visual inspec-
tion of the membrane's blue color, in boiling 1%
w/v Alconox® (Alconox, Inc., New York, New York)
or sodium dodecyl sulfate detergent solutions for
several hours (the uncrosslinked blue dexiran is
removed in 30 minutes by this freatment). The
surface modified layer is also judged crosslinked
by the "ghost" fest, i.e., dissolving the membrane
in chloroform results in a blue "ghost" which is
stable when the solution is shaken. The uncrosslin-
ked membranes will form the "ghost" structure but
it is disrupted when the solution is shaken. Figure 2
shows the general siructure of the modified mem-
brane. Figure 3 shows the "ghost" structure ob-
tained after dissolving the polysulfone support
membrane.

EXAMPLE 15

The membrane of Example 1 was crosslinked
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by soaking in a 0.5% w/v dimethylolurea crosslin-
king agent for 30 minutes with agitation and then
placed in a 90° C oven for about 30 minutes. (see
"Kluce!l: Hydroxypropyl Cellulose Chemical and
Physical Properties”, written Hercules Chemical
Co., Wilmington, Delaware, 1971). The crosslinked
hydroxypropyl celiulose was not displaced by non-
ionic detergents such as TRITON® X-100 (Rohm &
Haas Co.) and NONIDET® P-40 (Shell Company)
at concentrations of 1% (v/v, detergent/water) at
40°C.

The uncrosslinked modified membrane forms a
clear solution in chloroform because both polysul-
fone and hydroxypropyl cellulose are soluble in this
solvent. The crosslinked cellulose forms a chlo-
roform insoluble "ghost”. The modified membrane
is hydrophilic and shows a significant reduction in
cytochrome C binding relative to the original poly-
sulfone membrane.

EXAMPLE 16

Polypropylene membranes were soaked in 3%
blue dextran in distilled water for 16 hours and
washed with distilled water for 16 hours. Water is
exchanged for 1N NaOH and ethylene glycol
diglycidyl ether (5% v/v) and allowed to sit at room
temperature for 16-32 hours fo crosslink the modi-
fied dexiran surface. The membranes are washed
in water and then in dry acetone. The dexiran
surface is then "activated" by immersing the mem-
branes in 95% acstone, 5% pyridine containing 3%
(wiv) p-nitrophenyl chloroformate for 30 minutes at
room temperature and then washed and stored in
dry acetone. By hydrolysis of the activated groups
with 6N NaOH to release p-nitrophenol and mea-
suring the amount released we find as much as
8mM of activated groups per gram of membrane
(dry weight) can be incorporated into the surface
modified membrane. The resulting membranes can
be used to immobilize amino containing molecules,
i.e., proteins. For example, the membrane from this
procedure is washed with 1tmM HCI in distilled
water for 2 minutes then a 1mg/ml solution of
protein A in 0.05M sodium phosphate buffer-pH 7.0
is recirculated by filtration for 2 hours. The protein
A is immobilized on the membrane and will selec-
tively bind antibody protein from a serum contain-
ing a mixture of proteins. The activated membranes
are stable for several months if kept free from
water.

EXAMPLE 17

The membrane from Example 14 was placed in
a solution of 50% (v/v) 1,3 propane diamine in 0.5N
NaOH and incubated at room temperature for 16
hours immediately after the crosslinking step. The
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resultant membrane was washed in deionized water
then 5 times with alternating 0.1N NaOH, 0.1N HCI
for about 30 minutes each. The resulting mem-
branes had 30 mM of amino groups per gram of
fiber as determined by the ninhydrin reaction.

EXAMPLE 18

The membranes from Example 17 were reac-
ted with 05M succinic anhydride in 1M potassium
phosphate pH 6.0 at room temperature overnight.
This reaction was repeated until the ninhydrin test
on the fibers was negative (i.e. no blue color ob-
served). As expected, the membrane displayed ca-
tion exchange properties.

EXAMPLE 19

The membrane from Example
"activated” for protein immobilization by washing
with 5 changes of dry isopropanol and then im-
mersing 19-8cm long pieces of hollow fiber mem-
brane into 10 ml of isopropanol containing 0.115
gm of N-hydroxy succinimide and 0.19 gm of 1-
ethyl-3(3-dimethy! aminopropyl)carbodiimide for 70
minutes at room temperature. The resultant mem-
branes are stored in dry isopropanol until use. For
example, 20 m! of water was forced through the
hollow fiber membranes, excess water from the
membranes was removed and then 5mg of protein
A in 2mi of 0.05M sodium phosphate pH 6.0 was
added and incubated overnight at 4" C. The mem-
branes immobilized 13 mg of protein A per gram of
hollow fiber (dry weight) and showed selective
binding of antibody protein from a mixture of serum
proteins.

EXAMPLE 20

The procedure of Example 1 was followed with
a "macro-void free" polysulfone support mem-
brane; diethyl-amino-ethyl dextran (DEAE dextran)
as the modifying polymer and 1 N NaOH in water
as the solvent. Under these conditions the DEAE
pendant group is not positively charged and,
hence, is hydrophobic enough to ensure irrevers-
ible adsorption of the DEAE dextran to polysulfone.
The membranes were washed with 1 N NaOH and
then soaked in 10% ethylene glycol diglycidyl
ether in 1 N NaOH over night at room temperaiure
to crosslink the DEAE dextran. The resulting mem-
branes are stable in boiling 1% sodium dodecyl
sulfate and contain DEAE groups as indicated by
potassium iodoplatinate and Dragendorff's reagenis
(obtained from Sigma Chemical Company, St
Louis, MO). In addition, the membranes display
anion exchange character, e.g., in 0.06 M sodium
barbital buffer pH 8.6 the membranes selectively

18 was’

10

15

20

25

30

35

40

45

50

55

11

bind c-phycocyanin (negatively charged) over
cytochrome C (positively charged) and can be
used to purify monoclonal antibodies from mouse
ascites fluid by selectively elution with increasing
sodium chloride concentrations.

EXAMPLE 21

The anion exchange membrane of Example 20
was used to covalently immobilize the proteins
ferritin and c-phycocyanin as follows: the mem-
brances were exposed to solutions of these pro-
teins in 10 mM sodium bicarbonate pH 9 by soak-
ing overnight at 4°C or by filtration in a dead end
mode for 30 minutes to obtain protein binding. The
proteins were then crosslinked with a suitable
agent to covalently fix the absorbed layer of pro-
tein. Ferritin was crosslinked with 1% ethylene gly-
col diglycidyl either or 1% ethylene glycol bis-
{(succinic acid N-hydroxy succinimide ester) in 10
mM sodium bicarbonate pH 9 overnight at room
temperature. c-Phycocyanin was crosslinked with
sthylene glycol diglycidy! ether under the same
conditions. Both membranes were stable to a 1%
sodium dodecyl sulfate treatment at 70°C for 4
hours whereas the uncrosslinked proteins were
substantially removed by this treatment. In particu-
lar, 72% of the uncrosslinked phycocyanin was
removed but only 22% of the crosslinked
phycocyanin was removed by the 70° C 1% deter-
gent treatment.

EXAMPLE 22

The anion exchange membrane of Example 20
was used to create an affinity membrane by ad-
sorbing protein A in 10 mM sodium bicarbonate at
4" C over night. The resulting protein coated mem-
branes were crosslinked with 1% sethylene glycol
diglycidyl sther or 20 mM ethylene glycol bis-
{(succinic acid N-hydroxy succinimide ester) in the
same buffer overnight at 4° C. The resulting mem-
branes selectively adsorbed monoclonal antibody
from a solution of 10% mouse ascites fluid in 5
mM potassium phosphate pH 8.0, 0.2 M sodium
chloride and release the antibody when exposed to
0.1 M glycine, 0.15 M sodium chloride ph 2.6
buffer. The binding capacity of the ethylene giycol
diglycidylether crosslinked membrane was sub-
stantially lower than the ethylene glycol bis
{succinic acid N-hydroxy succinimide ester) cros-
slinked membrane and, therefore, the latter is the
preferred crosslinking agent for this application.

EXAMPLE 23

The procedure of Example 1 was followed with
a macro-void free polysulfone support membrane.
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The modified membrane was crosslinked by soak-
ing in a 10% solution ethylene glycol diglycidyl
ether in 1 N sodium hydroxide at 60-80° C over-
night. The crosslinking is repeated (usually twice)
until a chloroform insoluble "ghost" is obtained
from the membranes. The resulting membranes
were converted to cation ion exchange membranes
by soaking the membranes in 0.5 M sodium
methoxide (Kodak Chemical, Rochester, New
York) for 3 hours room temperature and then soak-
ing in 1 M chloroacetic acid in t-butanol overnight
at room temperature. The resulting membranes se-
lectively bind cytochrome C and not phycocyanin
in 0.06 M sodium barbital buffer pH 8.6 and, hence,
display cation exchange character.

Claims

1. A process for surface modifying a predeter-
mined polymeric support material by means of
a modifying polymer, characterised in that the
support material is hydrophobic and the modi-
fying polymer is a non-proteinaceous polymer
having a molecular weight of at least 10,000
and contains an effective number of hydropho-
bic binding groups that partition on to or into
the support material and adhere the modifying
polymer on to the support material such that,
the modifying polymer is irreversibly adsorbed
on to substantially the entire surface of the
support material in a uniform substantially
monomolecular layer, whereby adsorbed poly-
mer remaining after washing of excess modify-
ing polymer is substaniially resistant to re-
moval under conditions similar to the adsorp-
tion conditions.

2. A process of Claim 1 in which the support
material is a support membrane. _

3. A process of Claim 2 in which the irreversible
adsorption is brought about by contacting said
support membrane with a solution containing
said modifying polymer.

4. A process of Claim 3 in which the solution
contains between about 0.1 and 10 wi% modi-
fying polymer. '

5. A process of Claim 2 in which partitioning of
the binding groups of the modifying polymer
onto or into the support membrane is pro-
moted by increasing the chain mobility of the
support membrane.

6. A process of Claim 5 in which chain mobility is
increased by increase in temperature of the
support membrane.
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7. A process of Claim 6 in which the temperature
is between about 60° C and 80" C.

8. A process of Claim 2 further comprising cros-
slinking the modifying polymer following ad-
sorption onto the support membrane.

9. A process of Clam 2 in which the
hydrodynamic radius of the modifying polymer
is less

10. A surface modified membrane comprising a
polymeric support membrane and a surface
maodifying polymer, characterised in that the
support membrane is hydrophobic and the
modifying polymer is a non-proteinaceous
polymer having a molecular weight of at least
10,000 and contains an effective number of
hydrophobic binding groups partitioned on to
or into the support material and adhering the
modifying polymer on to substantially the en-
fire available surface of the support membrane
in an irreversibly adsorbed uniform substan-
tially monomolecular layer, whereby adsorbed
polymer remaining after washing of excess
modifying polymer is substantially resistant to
removal under conditions similar to the con-
ditions under which the modifying polymer was
adsorbed on to the support membrane. than or
equal to about one-fifth the pore size of the
support membrane.

11. A modified membrane of Claim 10 in which the
modifying polymer is crosslinked.

12. A membrane of Claim 10 in which the support
membrane is made of a polymer selected from
the group consisting of polysulfone, polyether-
suifone, polyetherimide, polypropylene, poly-
ethylene and polyvinylidene fluoride.

13. The membrane of Claim 10 in which the sup-
port membrane is made of polysulfone and the
modifying polymer is hydroxypropylceliulose.

14. The membrane of Claim 13 in which the modi-
fying polymer is crosslinked.

15. The membrane of Claim 10 in which the sup-
port membrane is made of polysulfone and the
modifying polymer is about 88 wt% hydrolyz-
ed polyvinylacetate.

16. The membrane of Claim 15 in which the modi-
fying polymer is crosslinked.

17. The membrane of Claim 10 in which the sup-
port membrane is made of polyethylene and
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the modifying polymer is polyvinylalcohol.

The membrane of Claim 17 in which the modi-
fying polymer is crosslinked.

The membrane of Claim 10 in which the sup-
port membrane is made of polypropylene and
the modifying polymer is polyvinylaicohol.

The membrane of Claim 19 in which the modi-
fying polymer is crosslinked.

A membrane of Claim 10 in which the support
membrane is made of polypropylene and the
modifying polymer is dextran having hydropho-
bic reactive groups thereon.

A membrane of Claim 21 in which the modify-
ing polymer is crosslinked.

A membrane of Claim 10 in which the support
membrane is made of polysulfone and the
maodifying polymer is dextran having hydropho-
bic reactive groups thereon.

A membrane of Claim 23 in which the modify-
ing polymer is crosslinked.

A membrane of Claim 10 which is further
modified by binding a biologically active ma-
terial to the modifying polymer.

A membrane of Claim 25 in which the modify-
ing polymer is crosslinked.

A membrane of Claim 25 in which the modify-
ing polymer is crosslinked ionic polymer.

A membrane of Claim 27 in which the biologi-
cally active material is a polypeptide.

A membrane of Claim 27 in which the ionic
polymer is DEAE dexiran (diethyl-amino-ethyl

dextran).

A membrane of Claim 29 in which the support
membrane is made of polysulfone.

A membrane of Claim 11 in which the modify-
ing polymer is ionic.

A membrane of Claim 11 in which the modify-
ing polymer is DEAE dextran.

The membrane of Claim 32 in which the sup-
port membrane is polysulfone.

The membrane of Claim 33 in which the poly-
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35.

36.

37.

38.
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sulfone support membrane is substantially
macro-void free.

A membrane of Claim 32 in which the support
membrane is polyethersulfone.

A membrane of Claim 10 in which the support
membrane is made of a polymer selected from
the group consisting of polysuifone, polyether-
sulfone, polyetherimide, polypropylene and
polyethylene.

A membrane of Claim 36 in which the modify-
ing polymer is blue dextran.

A membrane of Claim 10 in which the support
polymer is substantially macro-void free.

Revendications

Procédé pour modifier la surface d'un matériau
de support polymérique prédéterminé au
moyen d'un polymére modificateur, caractérisé
en ce que le matériau de support est hydro-
phobe et que le polymére modificateur est un
polymére non protéinique ayant un poids mo-
léculaire d'au moins 10000 contenant un nom-
bre effectif de groupes de fixation hydropho-
bes qui se partagent sur ou & lintérieur du
matériau de support et font adhérer le polymé-
re modificateur au matériau de support de
maniére 4 ce que le polymére modificateur
soit adsorbé d'une maniére irréversible sensi-
blement sur toute la surface du matériau de
support sous la forme d'une couche uniforme
sensiblement monomoléculaire, grice a quoi

-le polymére adsorbé restant aprés le lavage du

polymére modificateur en excés est sensible-
ment résistant 4 un enlévement dans des
conditions similaires aux conditions d'adsorp-
tion.

Procédé selon la revendication 1, dans lequel
le matériau de support est une membrane de
support.

Procédé selon la revendication 2, dans lequel
I'adsorption irréversible est réalisée en mettant
en contact ladite membrane de support avec
une solution contenant ledit polymére modifi-
cateur.

Procédé selon la revendication 3, dans lequel
la solution contient environ entre 0,1 et 10%
en poids de polymére modificateur.

Procédé selon la revendication 2, dans lequel
le partage des groupes de fixation du polymé-
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re modificateur sur et dans la membrane de
support est favorisé en augmentant la mobilité
des chaines de la membrane de support.

Procédé selon la revendication 5, dans lequel
la mobilité des chaines est augmentée en aug-
mentant la température de la membrane de
support.

Procédé selon la revendication 6, dans lequel
la température est entre environ 60 C et
80° C.

Procédé selon la revendication 2, comprenant
en outre de réticuler le polymére modificateur
aprés l'adsorption sur fa membrane de sup-
port.

Procédé selon la revendication 2, dans lequel
le rayon hydrodynamique du polymere modifi-
cateur est inférieur ou égal & environ un cin-
quieme de la taille des pores de la membrane
de support.

Membrane a surface modifi€ée comprenant une
membrane de support polymérique et un poly-
mére modificateur de surface, caractérisée en
ce que la membrane de support est hydropho-
be, que le polymeére modificateur est un poly-
meére non protéinique ayant un poids molé-
culaire d'au moins 10000, qu'il contient un
nombre effectif de groupes de liaison hydro-
phobes se partageant sur et & l'intérieur du
matériau de support, faisant adhérer le poly-
mére modificateur sur sensiblement toute la
surface disponible de la membrane de support
en une couche uniforme, irréversiblement ad-
sorbé et essentiellement monomoléculaire, tel
que le polymére adsorbé restant aprés I'élimi-
nation par lavage de I'excés de polymére mo-
dificateur est sensiblement résistant 3 I'enléve-
ment dans des conditions similaires aux condi-
tions dans lesquelles le polymeére modificateur
a été adsorbé sur la membrane de support.

Membrane modifiée selon la revendication 10,
dans laguelle le polymére modificateur est réti-
culé.

Membrane selon la revendication 10, dans la-
quelle la membrane de support est réalisée en
un polymeére choisi dans le groupe constitué
de la polysulfone, de la polyéthersulfone, du
polyétherimide, du polypropyléne, du polyéthy-
lene et du poly(fluorure de vinylidéne).

Membrane selon la revendication 10, dans la-
quelie la membrane de support est réalisée en
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polysulfone et le polymére modificateur est
I"hydroxypropy! cellulose.

Membrane selon la revendication 13, dans la-
quelle le polymére modificateur est réticulé.

Membrane selon la revendication 10, dans la-
quelle la membrane de support est réalisée en
polysulfone et le polymére modificateur est
constitué par environ 88% en poids de poly-
(acétate de vinyle) hydrolysé.

Membrane selon la revendication 15, dans la-
quelle le polymére modificateur est réticulé.

Membrane selon la revendication 10, dans la-
guelle la membrane de support est réalisée en
polyéthylene et le polymere modificateur est le
poly(alcool vinylique).

Membrane selon la revendication 17, dans la-
quelle le polymeére modificateur est réticulé.

Membrane selon la revendication 10, dans la-
quelle la membrane de support est réalisée en
polypropyléne et le polymére modificateur est
le poly(alcool vinylique).

Membrane selon la revendication 19, dans la-
quelle le polymére modificateur est réticulé.

Membrane selon la revendication 10, dans la-
quelle la membrane de support est réalisée en
polypropyléne et le polymére modificateur est
un dextrane portant des groupes réactifs hy-
drophobes.

Membrane selon la revendication 21, dans la-
quelle le polymére modificateur est réticulé

Membrane selon la revendication 10, dans la-
quelle la membrane de support est faite en
polysulfone et le polymére modificateur est un
dextrane ayant des groupes réactifs hydropho-
bes.

Membrane selon la revendication 23, dans la-
quelle le polymeére modificateur est réticulé.

Membrane selon la revendication 10, qui est
encore modifi€e en fixant un matériau biologi-
guement actif sur le polymére modificateur.

Membrane selon la revendication 25, dans la-
quelle le polymére modificateur est réticulé.

Membrane selon la revendication 25, dans la-
guelle le polymere modificateur est un polymé-
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re ionique réticulé.

Membrane selon la revendication 27, dans la-
quelle le matériau biologiquement aciif est un
polypeptide.

Membrane selon la revendication 27, dans la-
quelle le polymére ionique est un DEAE dex-
trane (diéthylaminoéthyl! dextrane).

Membrane selon la revendication 29, dans la-
quelle la membrane de support est réalisée en
polysulfone.

Membrane selon la revendication 11, dans la-
quelle le polymére modificateur est ionique.

Membrane selon la revendication 11, dans la-
quelle le polymére modificateur est le DEAE
dextrane.

Membrane selon ia revendication 32, dans la-
quelle la membrane de support est la polysul-
fone.

Membrane selon la revendication 33, dans la-
quelle la membrane de support de polysulfone
est sensiblement exempte de macrocavités.

Membrane selon la revendication 32, dans la-
quelle la membrane de support est la polyé-
thersulfone.

Membrane selon la revendication 10, dans la-
quelle la membrane de support est réalisée en
un polymére choisi dans le groupe constitué
de la polysulfone, de la polyéthersulfone, du
polyétherimide, du polypropyléne et du polyé-
thyléne.

Membrane selon la revendication 36, dans la-
quelle le polymére modificateur est le dextrane
bleu.

Membrane selon la revendication 10, dans la-
quelle le polymére de support est sensible-
ment exempt de macrocavités.

Patentanspriiche

1.

Verfahren zum Modifizieren der Oberfliche ei-
nes vorherbestimmten polymeren Trigermate-
rials durch ein Modifikationspolymer, dadurch
gekennzeichnet, daB das Trédgermaterial hydro-
phob ist und das Modifikationspolymer ein
nicht-proteinartiges Polymer mit einem Molge-
wicht von mindestens 10 000 ist und eine
wirksame Anzahl von hydrophoben Bindungs-
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gruppen aufweist, die sich auf dem oder in das
Tragermaterial aufteilen und das Modifikations-
polymer am Trigermaterial festhalten, so daB
das Modifikationspolymer auf im wesentlichen
die gesamte Oberfldche des Trigermaterials in
giner gleichmiBigen, im wesentlichen mono-
molekularen Schicht irreversibel adsorbiert ist,
wodurch nach Abwaschen des Uberschiissigen
Modifikationspolymers verbleibendes adsor-
biertes Polymer gegen eine Entiernung unter
Bedingungen #hnlich den Adsorptionsbedin-
gungen im wesentlichen resistent ist.

Verfahren nach Anspruch 1, worin das Tréger-
material eine Trigermembran ist.

Verfahren nach Anspruch 2, worin die irreversi-
ble Adsorption durch Inberiihrungbringen der
Tragermembran mit einer das Modifikationspo-
lymer enthaltenden L&sung bewirkt wird.

Verfahren nach Anspruch 3, worin die L&sung
zwischen etwa 0,1 bis 10 Gew.% Modifika-
tionspolymer enthlt.

Verfahren nach Anspruch 2, worin das Auftei-
len der Bindungsgruppen des Modifikationspo-
lymers auf der oder in die Trigermembran
durch Erhdhen der Kettenmobilitdt der Trager-
membran geférdert wird.

Verfahren nach Anspruch 5, worin die Ketten-
mobilitdt durch Erhdhen der Temperatur der
Tragermembran erhSht wird.

Verfahren nach Anspruch 8, worin die Tempe-
ratur etwa 60 C bis 80" C betrégt.

Verfahren nach Anspruch 2, das weiter das
Vernetzen des Modifikationspolymers nach Ad-
sorption auf die Tragermembran umfajt.

Verfahren nach Anspruch 2, worin der hydro-
dynamische Radius des Modifikationspolymers
etwa ein Flinfiel der PorengréBe der Tréger-
membran oder weniger betrégt.

Oberflachenmodifizierte Membran umfassend
eine polymere Trigermembran und ein Ober-
flichenmodifikationspolymer, dadurch gekenn-
zeichnet, daB die Tragermembran hydrophob
ist und das Modifikationspolymer ein nicht-pro-
teinartiges Polymer mit einem Molgewicht von
mindestens 10 000 ist und eine wirksame An-
zahl von hydrophoben Bindungsgruppen auf-
weist, die sich auf dem oder in das Tragerma-
terial aufteilen und das Modifikationspolymer
am Trdgermaterial festhalten, so da das Mo-
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difikationspolymer auf im wesentlichen die ge-
samte Oberfliche des Tragermaterials in siner
gleichméBigen, im wesentlichen monomoleku-
laren Schicht irreversibel adsorbiert ist, wo-
durch nach Abwaschen des (berschiissigen
Modifikationspolymers verbleibendes adsor-
biertes Polymer gegen eine Entfernung unter
Bedingungen #hnlich jenen, unter denen das
Modifikationspolymer auf die Trdgermembran
adsorbiert wurde, im wesentlichen resistent ist.

Modifizierte Membran nach Anspruch 10, worin
das Modifikationspolymer vernetzt ist.

Membran nach Anspruch 10, worin die Trager-
membran aus einem Polymer ausgewihlt aus
der Gruppe bestehend aus Polysulfon, Poly-
dthersulfon, Poly3therimid, Polypropylen, Poly-
dthylen und Polyvinylidenfluorid hergestellt ist.

Membran nach Anspruch 10, worin die Triger-
membran aus Polysuifon hergestellt ist und
das Modifikationspolymer Hydroxypropylzellu-
lose ist.

Membran nach Anspruch 13, worin das Modifi-
kationspolymer vernetzt ist.

Membran nach Anspruch 10, worin die Trager-
membran aus Polysulfon hergestellt ist und
das Modifikationspolymer etwa 88 Gew.% hy-
drolysiertes Polyvinylacetat ist.

Membran nach Anspruch 15, worin das Modifi-
kationspolymer vernetzt ist. '

Membran nach Anspruch 10, worin die Trager-
membran aus Polydthylen hergestelit ist und
das Modifikationspolymer Polyvinylalkohol ist.

Membran nach Anspruch 17, worin das Modifi-
kationspolymer vernetzt ist.

Membran nach Anspruch 10, worin die Triger-
membran aus Polypropylen hergestellt ist und
das Modifikationspolymer Polyvinylalkohol ist.

Membran nach Anspruch 19, worin das Modifi-
kationspolymer vernetzt ist.

Membran nach Anspruch 10, worin die Tr3ger-
membran aus Polypropylen hergestellt ist und
das Modifikationspolymer Dexiran mit hydro-
phoben reaktiven Gruppen daran ist.

Membran nach Anspruch 21, worin das Modifi-
kationspolymer vernetzt ist.
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Membran nach Anspruch 10, worin die Trager-
membran aus Polysulfon hergestellt ist und
das Modifikationspolymer Dextran mit hydro-
phoben reaktiven Gruppen daran ist.

Membran nach Anspruch 23, worin das Modifi-
kationspolymer vernetzt ist.

Membran nach Anspruch 10, das durch Binden
eines biologisch aktiven Materials an das Mo-
difikationspolymer weiter modifiziert ist.

Membran nach Anspruch 25, worin das Modifi-
kationspolymer vernetzt ist.

Membran nach Anspruch 25, worin das Modifi-
kationspolymer ein vernetzites ionisches poly-
mer ist.

Membran nach Anspruch 27, worin das biolo-
gisch aktive Material ein Polypeptid ist.

Membran nach Anspruch 27, worin das ioni-
sche Polymer DEAE-Dexiran
(Didthylaminodthyldexiran) ist.

Membran nach Anspruch 29, worin die Tréger-
membran aus Polysulfon hergestellt ist.

Membran nach Anspruch 11, worin das Modifi-
kationspolymer ionisch ist.

Membran nach Anspruch 11, worin das Modifi-
kationspolymer DEAE-Dextran ist.

Membran nach Anspruch 32, worin die Trager-
membran polysulfon ist.

Membran nach Anspruch 33, worin die
Polysulfon-Trdgermembran im wesentlichen
frei von Makrohohlrdumen ist.

Membran nach Anspruch 32, worin die Tréger-
membran Poly&thersulfon ist.

Membran nach Anspruch 10, worin die Tréger-
membran aus einem Polymer ausgewdhit aus
der Gruppe bestehend aus Polysulfon, Poly-
dthersulfon, Polyatherimid, Polypropylen und
Polydthylen hergestellt ist.

Membran nach Anspruch 36, worin das Modifi-
kationspolymer blaues Dextran ist.

Membran nach Anspruch 10, worin das Tri-
gerpolymer im wesentlichen frei von Makro-
hohlrdumen ist.
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